To alleviate the need for daily injection of porcine somatotropin (pST), a sustained-release implant (pSTSR) was devised that continuously delivers a daily dose of 2 mg of pST for 42 d. Ninety-six white composite (Large White × Landrace) finishing barrows (83.6 ± 1.2 kg BW) were assigned to receive zero or two pSTSR implants (4 mg pST/d) and to consume one of six diets differing in total Lys concentration (0.29, 0.52, 0.75, 0.98, 1.21, or 1.44%, as-fed basis). Diets were formulated to be isocaloric and based on the ideal protein concept. Pigs were housed individually, allowed ad libitum access to feed and water, and slaughtered at 112 kg of BW. The pSTSR affected neither ADG (P = 0.88) nor 10th rib LM area (LMA; P = 0.51), but it decreased (P < 0.01) ADFI, average backfat thickness, 10th rib fat depth, weights of leaf fat and ham fat, improved (P < 0.05) G:F, and increased (P < 0.01) weights of four trimmed lean cuts (T-cuts), and percentages of ham lean and bone. Increasing total Lys increased ADG (quadratic; P < 0.05) and ADFI (linear; P < 0.01). The G:F, plasma urea N concentrations (PUN), and T-cuts
Introduction
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were affected by the interaction pSTSR × dietary Lys (P < 0.01). Without pSTSR, the G:F did not differ (P = 0.37) among pigs fed 0.52% and greater total Lys. With pSTSR, the G:F was less (P < 0.05) for pigs fed 0.52% than 0.98 and 1.44% total Lys. Increases in dietary total Lys resulted in increased PUN (P < 0.01), and incremental increases were less in pSTSR-implanted pigs. Maximal yield of T-cuts was at 0.98% dietary total Lys in nonimplanted pigs and 1.21% total Lys in pSTSR-implanted pigs. Estimates of total Lys requirements of pigs without and with pSTSR, respectively, were 0.52 and 0.86% for growth (ADG and G:F) and 0.73 and 0.88% for lean production (LMA and T-cuts). Equivalent apparent ileal digestible Lys requirements of pigs without and with pSTSR, respectively, were 0.44 and 0.68% for growth, and 0.62 and 0.75% for lean production. With ADFI of 3.5 kg daily, an intake of approximately 26.1 g of total daily Lys (0.75%) or 22.4 g of apparent ileal digestible Lys is needed to maximize lean production in finishing barrows receiving 4 mg pST/d via sustained-release implant.
improve the efficiency of lean meat accretion and simultaneously reduce nutrient excretion by pigs. Porcine somatotropin (pST) has the potential to be one of these tools. Studies with daily injection of proper doses of pST in pigs increased feed use efficiency and improved carcass leanness by increasing protein and decreasing lipid accretion simultaneously, as well as decreasing ADFI by 10 to 15% (NRC, 1994) . Globally, 14 countries have approved commercial use of pST (CAST, 2003) . Daily injection of pST, however, is laborious and stressful to both animals and caregivers. To overcome these drawbacks, an implant of pST in a sustained-release formulation (pSTSR), which allows administration once every 6 wk, has been investigated (Azain et al., 1990; Klindt et al., 1992) . Our previous research (Klindt et al., 1992 demonstrated that pSTSR treatment decreased feed consumption, improved efficiency of live weight gain, and increased accretion of economically important carcass components in genetically lean and obese barrows and gilts, as well as crossbred boars and gilts.
As indicated by NRC (1994) , the benefits of daily injection of pST for finishing pigs (>60 kg of BW) cannot be realized without an increase in dietary AA. No information is available regarding the effect of administration of pSTSR on Lys requirements in finishing pigs.
The objective of the current study was to estimate dietary total Lys and apparent ileal digestible Lys requirements in finishing pigs treated with two pSTSR implants that deliver continuously a daily dose of 4 mg of pST for 42 d.
Materials and Methods

Treatments, Diets, and Animals
The study protocol was reviewed and approved by the Animal Care and Use Committee of the Meat Animal Research Center, Clay Center, NE. A 2 × 6 factorial arrangement of treatments was used, with the factors of pSTSR implantation (zero or two pSTSR implants per pig) and concentration of dietary total Lys. The pSTSR implant (0.465 × 5.1 cm) contained recombinant pST having an N-alanyl residue linked to the natural pST sequence (Azain et al., 1990; Klindt et al., 1992) . Each implant delivered 2.0 mg of monomeric recombinant pST per day for 42 d. For pigs receiving pSTSR treatment, two implants were placed subcutaneously in a caudal location at the base of the ear on d 0 of the study. In pigs receiving no pSTSR treatment, the trocar was inserted subcutaneously, but no implant was placed.
The study used six calculated concentrations of dietary total Lys, with 0.29% and 1.44% being the lowest and highest concentrations, respectively, and with incremental increases of 0.23%. These calculated total Lys concentrations were based on the information on composition of feed ingredients published by NRC (1998). The calculated apparent ileal digestible Lys concentrations of the six diets ranged from 0.24 to 1.24%, with an incremental increase of 0.20% for the mid concentrations. The six concentrations of total Lys (Table 1) were achieved by varying dietary concentrations of soybean meal, dried skim milk, cornstarch, soybean oil, sand, and crystalline L-LysؒHCl, DL-Met, L-Thr, and L-Try. The ratios of total Thr, Met + Cys, and Try to Lys were 70, 64, and 19%, respectively, for all diets. The diets were supplemented with minerals and vitamins, and formulated to meet or exceed NRC (1998) recommendations and to contain the same concentrations of ME, Ca, and available P. To maintain the ideal ratios of AA to Lys for the six levels of dietary total Lys concentration (Baker, 1997) , the dietary CP level increased as the level of dietary total Lys was increased. Calculated dietary CP concentrations for the six concentrations of dietary total Lys ranged from 4.49% (for 0.29% dietary total Lys concentration) to 20.59% (for 1.44% dietary total Lys concentration).
Once every week over a 4-wk period, 24 crossbred barrows (Landrace × Large White; 83.6 ± 1.2 kg of BW) were assigned randomly to the 12 treatments and placed in individual pens in an environmentally controlled building. Each slotted-floor pen (1.2 × 1.2 m) was equipped with a nipple waterer and a feeder. Pigs were allowed ad libitum access to feed and water. Pigs were weighed, and ultrasonic backfat thickness (Lean-Meater; Renco, Minneapolis, MN) was determined at three sites: first rib, last rib, and last lumbar vertebra, on d 0 of the test and every 14 d thereafter. The three backfat determinations were averaged to obtain the average backfat thickness presented. When pigs reached 100 kg, they were weighed weekly and slaughtered at approximately 110 kg. Blood samples (9 mL) were obtained with heparinized syringes (Sarstedt, Inc., Newton, NC) via jugular venipuncture on d 28 of the trial. Blood samples were placed on ice immediately after collection. Within 30 min of blood sampling, plasma was harvested after centrifugation at 4°C and 2,500 × g for 15 min. One aliquot of plasma was refrigerated, and two aliquots of plasma were stored at −80°C.
Pigs were killed by exsanguination after electric stunning. At slaughter, live weight, HCW, leaf fat weight, and weights of various offal components were recorded. Approximately 24 h after slaughter, chilled carcass weight was recorded, and carcass length (first rib to aitch bone) and backfat thickness were measured at the first rib, last rib, and last lumbar vertebra. At the interface of the 10th and 11th ribs, the cross section of the LM was traced. The LM area (LMA) was measured (NPPC, 1991) using computerized planimetry (Bioquant IV System; R&M Biometrics, Nashville, TN). The left side of the carcass was dissected into primal cuts. Primal cuts, with the exception of the belly, were trimmed to approximately 6 mm of fat and weighed to obtain weights of the trimmed primal cuts. The left ham was further dissected into lean tissue, bone, and fat. The lean tissue of the ham was stored at −20°C.
Chemical Analyses. Within 8 h of blood sampling, refrigerated plasma was assayed for glucose concentration using hexokinase and glucose 6-phosphate dehydrogenase, and for urea N (PUN) using urease and glutamate dehydrogenase (Yen et al., 1990) . One of the frozen plasma samples from each pig was thawed at 4°C and then assayed by RIA for the plasma concentration of pST (Klindt et al., 1992) . For plasma AA analysis, the second frozen plasma sample was thawed at 4°C and deproteinized using 30 mg of sulfosalicylic acid/mL of plasma. Amino acid concentration of deproteinized plasma was determined by ion-exchange chromatography and postcolumn ninhydrin detection, using an HPLC system (Pickering Laboratories, Cat. No. AT33SP, Mountain View, CA).
The frozen lean tissue of ham was partially thawed, cut into chunks, and ground successively three times through a face plate with 6.5-mm openings (Hobart Meat Grinder, Model 4732CR; Hobart Co., Troy, OH). Duplicate samples (100 g) were taken and analyzed for moisture by freeze-drying (Labconco Freeze Dry-12 with tray dryer; Model 75011, Labconco Co., Kansas City, MO) and for fat (method 18.043; AOAC, 1975) and Kjeldahl N (method 2.050; AOAC, 1975) .
The DM content of the feed was determined by drying in a forced-air drying oven at 105°C to a constant weight. The dried feed was then ground in a ThomasWiley mill (Model 4, 1 mm screen; Arthur H. Thomas Co., Philadelphia, PA) and analyzed for N by the combustion method with a LECO model CN-2000 carbonnitrogen analyzer (LECO Corp., St. Joseph, MI). The feed was hydrolyzed with 6 N HCl under N gas and at 110°C for 20 h. Amino acid concentration of acid hydrolysate was determined by ion-exchange chromatography and postcolumn ninhydrin detection, using an HPLC system (Pickering Laboratories). The concentrations of methionine, cysteine, and tryptophan in the feed were not determined.
Statistical Analyses. Data were analyzed as a 2 × 6 factorial arrangement of treatments in a completely random design, using the GLM procedure of SAS (SAS Inst., Inc., Cary, NC). Pig was the experimental unit. The model included pSTSR implant, dietary Lys level, and their interaction. Residual mean square was used as the error term to test main effects and interaction. For PUN, the d 0 value was included as a covariate (Coma et al., 1995) . The 5 df for dietary Lys level were partitioned into linear, quadratic, cubic, quartic, and pentic components.
When a pSTSR × dietary total Lys interaction occurred (P ≤ 0.05), simple effects were analyzed to evaluate the different responses to dietary total Lys concentration between pigs with or without pSTSR implant. To determine the Lys requirement, data were divided into two subsets, one for pigs without pSTSR implant and the other for those with pSTSR implant. Within each subset of data, a broken-line was fitted and a breakpoint was calculated using the method described by Robbins (1986) . The breakpoint chosen was the one that yielded the lowest residual of sum of squares (Lewis and Nishimura, 1995) . When a quadratic effect was detected, data were also analyzed using PROC REG procedure of SAS (SAS Inst., Inc., Cary, NC), and fitted with the quadratic equation to solve for the dietary total Lys concentration that yielded the highest value of the response criterion.
Results
Diet Composition. Analyzed CP and total Lys concentrations of the diets closely approximated the calculated values (Table 1) . Differences between analyzed and calculated total Lys values were less than 6%. Analyzed total threonine concentrations, however, were 10 to 17% greater than the calculated values.
Growth Performance. As shown in Table 2 , there was no effect of pSTSR-implant administration (P = 0.88) or the interaction of pSTSR-implant treatment and total dietary Lys concentration (P = 0.21) on ADG. However, increasing total Lys concentration resulted in increases (quadratic; P < 0.05) in ADG that diminished as total dietary Lys increased.
There was no interaction (P = 0.78) among pSTSRimplant treatment and total dietary Lys concentration on ADFI. Administration of pSTSR implant decreased (P < 0.01) ADFI of pigs by 15%. Increasing total Lys concentration resulted in a linear (P < 0.01) increase in ADFI.
Gain:feed was influenced by interaction among pSTSR-implant treatment and total dietary Lys concentration (P < 0.01). Incremental responses in G:F to incremental increases on total dietary Lys concentration were greater in pigs administered pSTSR implants than in pigs that did not receive implants. The breakpoint analysis revealed there were no differences (P = 0.37) in G:F among nonimplanted pigs fed 0.52% and greater total dietary Lys.
Plasma Hormone and Metabolite Concentrations.
Only pSTSR-implant treatment increased (P < 0.01) the plasma pST concentration of pigs (Table 2) . Plasma urea N concentrations were influenced (P < 0.01) by interaction of pSTSR and total dietary Lys. In pSTSRimplanted pigs, PUN and incremental responses to increased total dietary Lys concentrations, or possibly total dietary CP, were less than in nonimplanted pigs. Plasma glucose concentrations were increased (P < 0.01) in pigs that received pSTSR implants. Total dietary Lys concentrations and their interaction with pSTSR-implant treatment did not influence (P > 0.37) plasma glucose concentrations.
Plasma concentrations of nine indispensable AA (Table 3 ) at d 28 of the test were not affected by pSTSRimplant treatment (P > 0.35) or by the interaction of pSTSR and total dietary Lys (P > 0.19). Increasing dietary total Lys concentration resulted in linear (P < 0.01) increases in plasma concentrations of seven indispensable AA and quadratic increases in plasma concentrations of threonine. There was no effect of increasing total dietary Lys concentrations on plasma histidine concentration (P = 0.76).
Carcass Characteristics, Chemical Composition of
Ham Lean, and Visceral Organ Weights. In general, pSTSR implantation decreased fat and increased weights of trimmed cuts (Table 4) . The response to increasing total dietary Lys concentration was a quadratic (P < 0.05) increase in LMA and weights of left side of carcass, trimmed loin, and four lean cuts. Interactions of pSTSR and dietary total Lys were significant b L** = linear effect, P < 0.01; Q* = quadratic effect, P < 0.05.
(P < 0.05) for 10th rib fat depth, and weights of left side of carcass, trimmed loin, trimmed picnic, and four trimmed lean cuts. Both pSTSR administration and increasing dietary Lys increased weights of trimmed cuts, and the responses to increasing dietary Lys were greater in pSTSR-implanted pigs than in nonimplanted pigs. Administration of pSTSR implants resulted in greater weights (P < 0.01) of trimmed ham and lean and bone within the ham (Table 4) . Fat was decreased (P < 0.01) in hams from pSTSR-implanted pigs. Increasing dietary total Lys induced linear increases (P < 0.01) in trimmed ham and ham lean weights, but had no effect (P > 0.18) on ham fat or bone. There were no interactions between pSTSR implant and dietary total Lys (P > 0.27) on ham weight measures. Ham lean tissue was subjected to chemical analysis (Table  5 ). Moisture percentage of the ham lean was increased (P < 0.01), whereas percentages of fat, CP, and ash were decreased with pSTSR-implant treatment. Increased percentage of dietary total Lys tended (P = 0.06) to decrease percentage of fat in the ham lean. No component of ham lean was influenced (P > 0.69) by the interaction of pSTSR implants and dietary total Lys.
There were no pSTSR × total Lys interactions (P > 0.09) for visceral organ weights of pigs (Table 6 ). The pSTSR treatment produced greater weights of visceral organs (P < 0.01), with the exception of spleen (P = 0.39). Increasing dietary total Lys concentration produced linear increases (P < 0.05) in weights of liver, heart, kidney, pancreas, stomach, and cecum.
Requirements of Dietary Total Lys Concentration.
Two estimates of dietary total Lys requirements with and without pSTSR implants were determined for primary response criteria in finishing barrows (Table 7) . The estimates from the breakpoint method were always lower than were those from the quadratic equation. Quadratic estimates for maximal growth performance (ADG and G:F) were 0.52 and 0.86% total Lys for pigs without and with pSTSR implant, respectively. Total dietary Lys requirement for ADG and G:F in barrows was increased 61% with administration of two pSTSR implants. For maximal LMA and weight of trimmed four lean cuts, the quadratic estimates for total dietary Lys requirements were increased 17 and 22%, respectively, when pigs received two pSTSR implants.
Discussion
Results of the current study demonstrate that administering 4 mg of pST/d via a sustained-release implant was effective in decreasing ADFI, increasing G:F, and increasing carcass leanness and weights of trimmed lean cuts, as well as ham lean in crossbred finishing barrows. These results confirm previous reports showing that sustained-release administration of pST with implants designed to deliver the protein for 6 wk decreased ADFI, improved G:F, and increased carcass leanness in crossbred and genetically lean and obese boars, barrows, and gilts (Klindt et al., 1992; Hacker et al., 1993; Klindt et al., 1995) . The current study also showed that sustained pST administration increased moisture content and decreased fat content in the lean of ham. These findings agree with carcass chemical composition data reported by Hansen et al. (1997) , in which three genotypes of finishing barrows b L** = linear effect, P < 0.01; Q* = quadratic effect, P < 0.05; Q** = quadratic effect, P < 0.01. were injected daily with 4 mg of pST. As observed in pigs receiving daily injection of pST (Hansen et al., 1997) , and previously in pSTSR-implanted pigs (Klindt et al., 1992 , visceral organ weights of pigs treated with sustained-release pST in the current study were increased. Overall, the results of the current study indicate that sustained-release pST delivery can capitalize on the benefits of pST in improving the efficiency of feed use and increasing the output of lean pork in finishing pigs. Increased plasma pST concentrations in pSTSRtreated crossbred barrows at d 28 of the trial in the current study agrees with our previous studies (Klindt et al., 1992 in genetically lean and obese barrows, gilts, and boars, as well as in crossbred boars treated with 4 mg of pST/d via pSTSR. The observed increased plasma concentrations of pST provide evidence that the implants exhibited sustained release of pST over the course of the trial. The increased plasma glucose concentration in the barrows of the current study also agrees with the results of our previous studies (Klindt et al., 1992; Buonomo et al., 1995) in crossbred and genetically lean barrows and gilts adminis- tered 4 mg of pST/d using pSTSR implants. This increase in plasma glucose concentration during sustained pST administration is caused by decreased glucose uptake and oxidation in adipose tissue, which is commonly observed in pigs injected daily with pST (Etherton, 2000) .
In the current study, increasing dietary total Lys concentration increased PUN linearly, and to a lesser degree in pST-treated pigs than in non-pST-treated pigs. Much of this increase in PUN must be attributed to increased dietary CP. Analyzed dietary CP increased from 5.17 to 20.74% as total dietary Lys increased from 0.29 to 1.44% (Table 1 ). The lower PUN in pST-treated pigs reflects decreased hepatic urea synthesis resulting from decreased deamination of dietary AA as a consequence of greater efficiency of use of dietary AA for lean tissue accretion, as evidenced, at least in part, by greater muscle mass at slaughter. A quadratic response in PUN to increasing Lys has been used to estimate Lys requirement of pigs (see citations in Coma et al., 1995) . It is unclear why a linear rather than quadratic PUN response was observed in the current study. Nevertheless, PUN results herein agree with those reported by Hansen et al. (1994) , in which PUN increased linearly with increasing total Lys concentration (from 0.8 to 2.0%) in finishing pigs with or without daily injection of 4 mg of pST.
Although no measurements of nutrient digestibility and N balance were conducted in the current study, the decreased daily feed consumption and PUN concentration in pigs receiving pSTSR implant would suggest a consequential decrease in manure N excretion. A decrease in fecal and urinary N excretion associated with decreased feed intake and PUN concentration has been reported in barrows receiving a daily injection of pST (Wray-Cahen et al., 1991) .
Increases in total dietary Lys concentration resulted in increased weights of each of the primal cuts and, thus, weight of the four lean cuts, and weight of lean from the ham. Changes in total dietary Lys concentration did not influence carcass backfat thickness, or weights of leaf fat, or fat trimmed from the ham at dissection. There were no differences in the chemical analysis of the dissected ham lean. The sum of these results indicate that increases in total dietary Lys concentrations, ranging from 0.29 to 1.44%, resulted in increased accretion of lean tissue with minimal influence on fat accretion or composition of accreted lean.
Unlike concentrations of PUN and glucose, plasma concentrations of AA in pigs were not affected by pSTSR treatment in the current study; however, increasing dietary total Lys concentration linearly increased plasma concentrations of AA with the exception of histidine. These increased plasma AA concentrations may simply reflect increased dietary supply.
With diets formulated on the basis of ideal AA pattern, the current study showed that 0.86% dietary total Lys concentration was needed to maximize growth performance (ADG and G:F) in finishing barrows with pSTSR implant compared with 0.52% total Lys for pigs without pSTSR. Based on ADFI, this corresponds to 25.5 and 15.5 g daily of Lys intake for finishing barrows, with and without pST treatment, respectively. Sustained-release administration of 4 mg of pST/d resulted in a 65% increase in required dietary total Lys concentration and daily Lys intake. In addition, it was found that maximization of lean pork production (LMA and four trimmed lean cuts weight) in finishing barrows with and without sustained pST administration required 0.88 and 0.73% dietary total Lys concentrations (equivalent to 26.1 and 22.3 g of daily Lys intake based on ADFI), respectively. These corresponds to 0.75 and 0.62% apparent ileal digestible Lys concentrations, and 22.4 and 19.0 g of daily intakes of apparent ileal digestible Lys for finishing barrows with and without sustained pST administration, respectively. Thus, to capitalize on pSTSR-implant treatment of finishing barrows, increased dietary concentration of total or apparent ileal digestible Lys is needed.
Studies evaluating daily injections of pST have also indicated that increased dietary Lys is required to fully exploit the benefits of pST in finishing pigs. Campbell et al. (1991) reported that total Lys requirement increased from 0.69 to 1.16% (corresponding daily Lys intake increased from 16.2 to 27.3 g), a 68% increase, as a result of injecting daily pST (90 g/kg of BW) to intact male finishing pigs fed diets based on ideal AA pattern but providing restricted energy intake. Krick et al. (1990) observed a 15% increase in daily Lys requirement in finishing barrows and gilts administered pST (150 mg/kg of BW) by daily injection. This increased daily Lys requirement corresponded to a 49% increase in dietary total Lys concentration, because of a 23% decrease in ADFI. Two studies have been reported without an established dose-response curve for control pigs by assuming NRC (1988) recommendation as appropriate for their genotype of pigs. Goodband et al. (1990) showed that injection of pST at 4 mg/d increased the requirement of dietary total Lys concentration from 0.6% recommended by NRC (1988) to 1.0 to 1.2% (equivalent to 25 to 30 g daily of Lys intake) in finishing barrows and gilts. Newcomb et al. (1988) observed a need of 1.10% dietary total Lys concentration for finishing pigs injected daily with pST. These results and the findings of the current study illustrate clearly that increases in dietary Lys (and other nondispensable amino acids for ideal protein) are necessary to realize the benefits of pST in finishing pigs.
Implications
Sustained-release porcine somatotropin in finishing barrows provides a means of increasing feed use and carcass leanness. Nonetheless, total daily lysine intake of 26.1 g must be provided as 0.88% to dietary Lys or 0.75% apparent ileal digestible lysine to achieve these benefits.
